The neuropeptides orexins/hypocretins are essential for normal wakefulness and energy balance, and disruption of their function causes narcolepsy and obesity. Although much is known of the role of orexins in sleep/wake behavior, it remains unclear how they stimulate feeding and metabolism. One of the main targets of orexinergic neurons is the arcuate nucleus (ARC) of the hypothalamus, which plays a key role in feeding and energy homeostasis. By combining patch-clamp and RT-multiplex PCR analysis of individual neurons in mouse brain slices, we show that an electrophysiologically distinct subset of ARC neurons coexpress orexin receptors and glutamate decarboxylase-67 and are excited by orexin. Acting on postsynaptic orexin type 2 receptors, orexin activates a sodium-calcium exchange current, thereby depolarizing the cell and increasing its firing frequency. Because GABA is a potent stimulus for feeding, in both the ARC and its main projection site, these results suggest a mechanism for how orexin may control appetite.
Introduction
The arcuate nucleus (ARC) of the hypothalamus is critical for the maintenance of body energy balance (Elmquist et al., 1999 , Schwarz et al., 2000 . Destruction of the ARC leads to profound metabolic disturbances (Olney, 1969) , and genetic defects in ARC function have been linked to obesity in humans (Barsh et al., 2000) . ARC neurons express a diverse mixture of neuromodulators that act either within the ARC (Cowley et al., 2001) or at projection targets such as the paraventricular nucleus (PVN) of the hypothalamus Schwarz et al., 2000) and the spinal cord (Elias et al., 1998) . Of these, GABA, neuropeptide Y, dynorphin, galanin, ␤-endorphin, and agouti-related protein stimulate feeding, whereas ␣-melanocyte-stimulating hormone and cocaine-and amphetamine-regulated transcript suppress feeding Schwarz et al., 2000) .
To match the release of these modulators to the energy status of the body, ARC neurons integrate a diverse variety of peripheral and central signals (Spanswick et al., 1997; Elias et al., 1998; Elmquist et al., 1999; Kalra et al., 1999; Rauch et al., 2000; Schwarz et al., 2000; Cowley et al., 2001; DeFalco et al., 2001) . One of the recently described central inputs to the ARC is from lateral hypothalamic neurons that express orexin-A and orexin-B Horvath et al., 1999; Guan et al., 2001 ), a recently discovered pair of neuropeptides Sakurai et al., 1998 ) also known as hypocretins . Orexins are essential for wakefulness, and disruption of their function leads to narcolepsy (Taheri et al., 2002) . They are also important for energy homeostasis, with feeding being stimulated by injection of orexin into the hypothalamus and inhibited by central administration of an orexin antagonist or antibody, or by knockout of the orexin gene (Sakurai et al., 1998; Willie et al., 2001; Cai et al., 2002; Sutcliffe and de Lecea, 2002; Taheri et al., 2002) . Both the activity of orexinergic neurons and hypothalamic orexin levels are highest during wakefulness and lowest during sleep (Estabrooke et al., 2001; Kiyashchenko et al., 2002) . Thus, orexin appears to stimulate feeding and increase metabolism (Sutcliffe and de Lecea, 2002) during active, awake periods. How orexin mediates its effects on food intake, however, is unclear.
The dense orexinergic innervation of ARC neurons Horvath et al., 1999; Guan et al., 2001) , expression of orexin receptors in the ARC (Lu et al., 2000; Guan et al., 2002) , and stimulation of feeding after an injection of orexin into the ARC (Willie et al., 2001) suggest that orexins may control energy balance via the ARC. Indeed, extracellular recordings have shown that orexin increases the firing of a subset of ARC neurons (Rauch et al., 2000) , although the identity of these neurons and the mechanism of their excitation are unknown. Studies on brain regions involved in wakefulness suggest that orexins can excite neurons by either decreasing or increasing the membrane conductance. For example, the peptide increases the conductance of hypothalamic tuberomammillary neurons by coactivation of the Na ϩ / Ca 2ϩ exchanger and a Ca 2ϩ current (Eriksson et al., 2001a) , whereas it decreases the membrane conductance of thalamocortical projection neurons by closing K ϩ channels (Bayer et al., 2002) .
Here we explore the action of orexin on ARC neurons. We use patch-clamp and RT-nested-multiplex-PCR (scRT-PCR) analysis of individual neurons in brain slices (Lambolez et al., 1992; Liss et al., 1999) to determine the location, neurochemical profile, and biophysical properties of orexin-responsive neurons. We then address the mechanism by which orexin modifies the firing rate of ARC neurons.
Materials and Methods
Electrophysiology. Coronal brain slices (250 -300 m) containing the ARC were prepared from 12-to 16-d-old male C57BL/6 mice, as described previously (Burdakov and Ashcroft, 2002) .
Procedures involving animals were performed in accordance with the Animals (Scientific Procedures) Act, 1986 (UK) . After at least 20 min recovery at 35°C in artificial CSF (ACSF) gassed with 95% O 2 and 5% CO 2 , brain slices were transferred to a recording chamber continuously perfused at 2-4 ml/min with gassed ACSF at room temperature (22-24°C). ACSF contained (in mM): 118 NaCl, 25 NaHCO 3 , 3 KCl, 1.2 NaH 2 PO 4 , 2 CaCl 2 , 2 MgCl 2 , 5 glucose, pH 7.25 at 22°C (this corresponds to brain interstitial pH in vivo) (Kintner et al., 2000) . "Low Ca 2ϩ " extracellular solution contained 0.3 mM Ca 2ϩ and 9 mM Mg 2ϩ . "Low Na ϩ " extracellular solution contained 118 mM N-methyl-D-glucamine instead of NaCl. For whole-cell patch-clamp recordings, patch pipettes were filled with internal solution containing (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 0.1 EGTA (or 10 BAPTA, as indicated), 2 MgCl 2 , 5 K 2 -ATP, pH 7.3, adjusted with KOH. For cell-attached recordings, patch pipettes were filled with ACSF. Orexin-A, orexin-B (Sigma, St. Louis, MO), and KB-R7943 (Tocris, Bristol, UK) were made up fresh each day in ACSF from 1000ϫ stock solutions. Several methods of applications were tested: no differences in the response were seen between local or bath application of peptide or drug or between bicarbonate-(ACSF) or HEPES-buffered (Liss et al., 1999) local application solutions. Control experiments showed that the pH of ungassed ACSF in the pipette or the local perfusion system is expected to change Ͻ0.5 U during the course of the experiment.
Neurons were visualized using infrared differential interference contrast optics (Stuart et al., 1993) , and patch-clamp recordings performed using an EPC-9 amplifier (Heka, Lambrecht, Germany). Patch pipettes were pulled from borosilicate glass (GC150TF/F; Clark, Reading, UK) and had tip resistances of 3-5 M⍀ when filled with the internal solution. Data were sampled and filtered with Pulse/Pulsefit software (Heka, Lambrecht, Germany) and analyzed with Pulsefit and Origin (Microcal, Northhampton, MA) software. Data are given as mean Ϯ SEM.
Multiplex and nested single-cell RT-PCR. Single-cell cytoplasm harvesting, reverse transcription, and multiplex and nested PCR of experiments and controls were similar to those described previously (Liss et al., 1999) . Patch pipettes had tip resistances 1.3-1.6 M⍀ when filled with scPCR solution containing (in mM): 140 KCl, 5 HEPES, 5 EGTA, 3 MgCl 2 , pH 7.3. Most cells were harvested from the posterior ARC (Bregma coordinates corresponding to between Ϫ2.3 and Ϫ2.7 mm in adult mice), where the highest numbers of Type-C neurons were found. The 2ϫ Hotstar PCR master mix (Qiagen) was used for all PCR reactions. After reverse transcription, the cDNAs for tyrosine hydroxylase (TH), glutamate decarboxylase-67 (GAD67), orexin receptors 1 and 2 (OX 1 and OX 2 ) were simultaneously amplified in a multiplex PCR using the following set of primers (from 5Ј to 3Ј): Aliquots (15 l) of nested PCR products were separated and visualized in ethidium bromide-stained agarose gels (2%) by electrophoresis. The predicted sizes of the PCR amplicons were as follows: TH, 376 bp; GAD, 701 bp; OX 1 , 352 bp; OX 2 , 306 bp. All individual PCR products were verified by direct sequencing (n ϭ 2). Highly diluted mouse brain cDNA (Ͻ10 fmol) was used as a template for positive controls (Liss et al., 1999) . Superscript RTase was omitted in the RT-minus control to test for possible genomic contaminations (n ϭ 3).
Results
Orexin excites Type-C neurons in the posterior ARC Three electrophysiologically distinct types of neuron are found in the ARC (Burdakov and Ashcroft, 2002) . Type-A cells possess a high-threshold, rapidly inactivating outward current (A-current) and do not have a rebound potential on recovery from hyperpolarizing current injection; Type-B cells possess a low-threshold Ca 2ϩ current and show a depolarization rebound; and Type-C cells have a low-threshold, slowly inactivating A-current and a hyperpolarization rebound (Burdakov and Ashcroft, 2002) . These phenotypes resemble those found in the neighboring ventromedial (Miki et al., 2001 ) and paraventricular (Hoffman et al., 1991) nuclei.
Monitoring the firing rate of ARC neurons in the cell-attached configuration of the patch-clamp method (which leaves the cytosol intact) showed that orexin-A (100 nM) increased the firing of a subset (n ϭ 5/10) of ARC neurons, from 0.6 Ϯ 0.5 to 4 Ϯ 1 Hz (n ϭ 5) (Fig. 1 A) . These neurons were subsequently repatched using the whole-cell recording configuration to identify their electrical phenotype. This revealed that all orexin-responsive cells corresponded to Type-C neurons (n ϭ 4) (Fig. 1 B) , whereas the neurons unaffected by orexin belonged to the Type-A class (n ϭ 3). Type-B neurons were encountered too rarely to determine their response to orexin.
We next analyzed the effects of orexin on neuronal firing rate in whole-cell current-clamp recordings. Consistent with the cellattached data, orexin-A (100 nM) depolarized Type-C neurons and either induced or increased sustained firing (n ϭ 25/30) ( Fig.  1C) but had no effect on Type-A cells (n ϭ 12). Our subsequent experiments therefore focused on Type-C neurons. Most of the orexin-sensitive Type-C cells were found in the ventral posterior ARC (bregma coordinates corresponding to between Ϫ2.3 and Ϫ2.7 mm in adult mice) and only occasionally in the other regions of the ARC.
ARC Type-C cells coexpress orexin receptors and GAD67
To determine the molecular fingerprint of Type-C neurons, we used a combined whole-cell patch-clamp and scRT-PCR protocol (Lambolez et al., 1992; Liss et al., 1999) to simultaneously detect mRNAs for the genes GAD67 and TH and the OX 1 and OX 2 receptors, both of which have been detected in the ARC by immunocytochemistry (Lu et al., 2000; Guan et al., 2002) . All four transcripts were detected in ventral mouse brain, with PCR fragments of the sizes predicted by their cDNA sequences (Fig.  2 A) . ARC Type-C neurons used for scRT-PCR were electrophysiologically identified by their response to hyperpolarizing current pulse injection and the amplitude, time course, and voltage-dependence of currents evoked on depolarization from a holding potential of Ϫ90 mV in voltage-clamp (Burdakov and Ashcroft, 2002) . All Type-C neurons examined expressed GAD67 (n ϭ 14) (Fig. 2 D) but not TH. The OX 2 receptor was coexpressed with GAD67 in most Type-C neurons (n ϭ 11/14), whereas the remaining Type-C cells (n ϭ 3) coexpressed GAD67 and OX 1 (Fig. 2 D) . Thus, our results support the idea that in the ARC of the mouse brain, the Type-C electrical signature (Burdakov and Ashcroft, 2002) belongs to a subset of GABAergic neurons, most of which express OX 2 receptors and are found in the posterior ARC.
The mechanism of orexin excitation of ARC Type-C neurons
In agreement with the expression of orexin receptors by ARC Type-C neurons (Fig. 2 D) , the orexin-induced depolarization was attributable to a direct postsynaptic action of the peptide on these cells, because it persisted when neurons were synaptically isolated either by using a low Ca 2ϩ , high Mg 2ϩ solution (Kelso and Boulant, 1982; Rauch et al., 2000) (n ϭ 5; data not shown) or by inclusion of 1 M tetrodotoxin in the ACSF (n ϭ 5) (Fig. 3A) .
The OX 1 receptor is selective for orexin-A, whereas the OX 2 receptor has a similar affinity for orexin-A and orexin-B (Sakurai et al., 1998) . Figure 3B shows that orexin-A and orexin-B were Figure 2 . ARC Type-C neurons coexpress GAD67 and orexin receptors. A, Positive control for RT-PCR, performed in parallel with every single-cell PCR round, using highly diluted (Ͻ10 fmol) mouse brain cDNA as the template. The amplified fragments were of the predicted sizes (see Materials and Methods). B, Genomic control. Without reverse transcriptase in the reaction mixture, no PCR signals were detected from single-cell mRNA (n ϭ 3). C, Type-C neurons, characterized by low-threshold A-currents (top; currents elicited by voltage steps from Ϫ90 mV to Ϫ60, Ϫ50, and Ϫ40 mV) and hyperpolarization rebound (bottom), were found to express either (D) GAD67 and OX 2 (79%; n ϭ 11/14) or GAD67 and OX 1 (21%; n ϭ 3/14). equally effective at depolarizing Type-C neurons, as would be expected if the OX 2 receptor is involved (Sakurai et al., 1998) . Half-maximal activation (EC 50 ) was produced by 19 Ϯ 2 nM orexin-A and by 21 Ϯ 3 nM orexin-B (n ϭ 4). It is noteworthy that the percentage of Type-C neurons expressing OX 1 mRNA (Fig.  2 D, 21%) closely matched the number of Type-C cells that did not respond to orexin (17%; n ϭ 5/30), suggesting either that the activation of OX 1 receptors does not depolarize these neurons or that OX 1 mRNA expression does not correspond to the functional protein.
Comparison of the whole-cell steady-state current-voltage relations of Type-C cells before and after orexin-A application (Fig.  4 A) revealed that orexin activated a current with an approximately linear current-voltage relation and a reversal potential of Ϫ35 Ϯ 2 mV (n ϭ 11) (Fig. 4 B) . Because this reversal potential is more positive than the resting potential of ARC Type-C cells (Ϫ45 to Ϫ50 mV) (Burdakov and Ashcroft, 2002) , the orexin current is expected to depolarize the cell and induce excitability. Consistent with this idea, the excitatory actions of orexin were fully reproduced by direct injection of a depolarizing current of similar magnitude into Type-C neurons (performed routinely in most of the cells in which orexin responses were studied; n ϭ 25) (Fig. 4C) .
We next investigated the mechanisms underlying the effects of orexin on ARC Type-C cells. Buffering cytosolic Ca 2ϩ increases by inclusion of 10 mM BAPTA in the pipette solution significantly reduced the orexin-induced depolarization (control: 17.5 Ϯ 1.0 mV; BAPTA: 4.5 Ϯ 2.0 mV; p Ͻ 0.001; n ϭ 5) (Fig. 5) , suggesting that an increase in intracellular Ca 2ϩ is required for orexin action. Suppressing Ca 2ϩ influx using a low Ca 2ϩ extracellular solution did not reduce the magnitude of either the depolarization (n ϭ 5) or current (n ϭ 5) (Fig. 6C) induced by orexin, implying that Ca 2ϩ mobilization from intracellular stores, rather than Ca 2ϩ entry, mediates the effects of orexin. Increases in cytosolic Ca 2ϩ are known to activate the plasmalemmal 3Na ϩ /Ca 2ϩ exchanger, which can significantly alter the electrical activity of excitable cells because of its electrogenicity (Smith and Armstrong, 1996; Keele et al., 1997; Lee and Boden, 1997; Blaustein and Lederer, 1999; Eriksson et al., 2001b) . Furthermore, activation of the sodium-calcium exchanger by orexin was demonstrated recently in hippocampal and tuberomammillary (Eriksson et al., 2001a) neurons. Therefore we explored whether the orexin current represents enhanced activity of this transporter. The selective Na ϩ /Ca 2ϩ exchange inhibitor KB-R7943 (Iwamoto and Shigekawa, 1998; Eriksson et al., 2001a) reversed the effects of orexin on membrane potential (Fig. 6 A) , and preincubation with the inhibitor (Fig.  6 B) significantly reduced the effect of orexin (control: 18 Ϯ 1.2 mV; KB-R7943: 2.3 Ϯ 1.8 mV; p Ͻ 0.001; n ϭ 6). Furthermore, the reversal potential of the mean orexin current was shifted in the negative direction (from Ϫ35 mV to approximately Ϫ57 mV) in low Na ϩ solution (n ϭ 4) (Fig. 6C ) and in the positive direction (from Ϫ35 mV to approximately Ϫ12 mV) in low Ca 2ϩ Figure 4 . The excitatory effect of orexin is mediated by an inward current. A, Whole-cell currents elicited by voltage steps from Ϫ130 to Ϫ50 mV (in 10 mV increments) from a holding potential of Ϫ60 mV, before and after addition of 200 nM orexin-A. The cells were synaptically isolated with tetrodotoxin (1 M). B, Mean current-voltage relation of the steady-state difference (control-orexin) current (n ϭ 12). C, Effect of a 10 pA depolarizing current (equivalent to that induced by orexin at Ϫ50 mV; see B) on the firing of a Type-C neuron (which responded to orexin). Action potentials are truncated at 0 mV. solution (n ϭ 5) (Fig. 6C) . This is expected if the current is mediated by the 3Na ϩ /Ca 2ϩ exchanger operating in Ca 2ϩ efflux mode. Finally, thermodynamic equilibrium calculations (Eisner and Lederer, 1989) showed that the 3Na ϩ /Ca 2ϩ exchanger would reverse at the observed value of Ϫ35 mV (Fig. 4 B) if cytosolic Ca 2ϩ in the presence of orexin is ϳ600 nM, a value within the range of orexin-induced Ca 2ϩ rises recorded in hypothalamic neurons (van den Pol et al., 1998).
Discussion
Cellular and molecular basis of orexin action Orexin, acting on OX 2 receptors, has been reported to depolarize neurons and increase their excitability either by activating an inward current (Eriksson et al., 2001a; Wu et al., 2002) or by inhibiting an outward current (Bayer et al., 2002) . The former occurs in tuberomammillary (Eriksson et al., 2001a) and hippocampal neurons and involves the activation of a Na ϩ /Ca 2ϩ exchange current. The results of our analysis indicate that activation of postsynaptic OX 2 receptors also stimulates a Na ϩ /Ca 2ϩ exchange current in ARC Type-C GABAergic neurons, thereby producing membrane depolarization and an increased firing rate. This effect is dependent on an increase in cytosolic Ca 2ϩ (Fig. 5) , which is probably derived from intracellular stores (Fig. 6C) . Additional support for our conclusions is provided by reports showing that OX 2 receptors are coupled to the phospholipase-C/IP 3 intracellular Ca 2ϩ-mobilizing pathway in a number of cell types (Smart et al., 1999; Mazzocchi et al., 2001; Randeva et al., 2001) , including neurons (Holmqvist et al., 2002) . In addition, the EC 50 values that we obtained for the effects of orexin-A and orexin-B on membrane potential (Fig. 3B ) are in close agreement with those found for elevation of cytosolic Ca 2ϩ in response to activation of OX 2 receptors heterologously expressed in Chinese hamster ovary cells (Sakurai et al., 1998) . Finally, immunocytochemical data show a high density of OX 2 receptors in the ARC (Lu et al., 2000) , and orexin increases the release of GABA within the ARC (van den .
Implications for energy balance
Our results indicate that ARC Type-C GABAergic cells of the ventral posterior ARC are a major target for orexins. The involvement of the ARC in orexin-induced feeding is suggested by the dense orexinergic innervation of ARC neurons Horvath et al., 1999; Guan et al., 2001 ). Moreover, ARC OX 2 receptors, which our results indicate mediate orexin excitation of ARC GABAergic cells, are selectively upregulated by fasting (Lu et al., 2000) , as expected if they mediate feeding (Schwarz et al., 2000) . Microinjection of orexin into the ARC has been variously reported to induce feeding (Willie et al., 2001) or to be without effect . However, in the latter study, orexin was injected into the middle region of the ARC, where we found few Type-C cells, and the extremely small volumes injected are unlikely to diffuse to the region where we find the majority of orexin-responsive neurons (which is Ͼ800 m posterior to the site of injection in the rat).
There is accumulating experimental evidence to support a role for activation of ARC GABAergic neurons in orexin-induced feeding. First, GAD67 mRNA levels in the ARC are upregulated by fasting (Leonhardt et al., 1999) , as expected if the release of ARC-derived GABA induces food intake. Second, the major projection of the ARC is the PVN (DeFalco et al., 2001) , and microinjection of GABA agonists and antagonists into this nucleus stimulates and suppresses feeding, respectively (Grandison and Guidotti, 1977; Kelly and Grossman, 1979) . Third, orexin has been shown to increase the local release of GABA within the ARC (van den , where it may act to inhibit appetitesuppressing pro-opiomelanocortin neurons, which are densely innervated by GABAergic synapses (Horvath et al., 1992; Cowley et al., 2001) and are inhibited by GABA (Jegou et al., 1993; Cowley et al., 2001) . It is also noteworthy that in the ARC, some GABAergic neurons can coexpress other appetite-stimulating messengers, such as neuropeptide Y (Ovesjo et al., 2001) .
In summary, our data offer a cellular and molecular explana- Figure 6 . Orexin action is mediated by a Na ϩ /Ca 2ϩ exchange current. Effects of the Na ϩ / Ca 2ϩ exchange inhibitor KB-R7943 (70 M) on the depolarization induced by 200 nM orexin-A. A, B, The membrane potential was set to Ϫ60 mV before orexin application to create the same initial conditions for all neurons. A, KB-R7943 was added after orexin application. B, KB-R7943 was added 5 min before orexin application (arrowed). C, Mean current-voltage relations for the orexin-induced current in control (n ϭ 12), low external Ca 2ϩ (n ϭ 5), and low external Na tion for how orexins act to synchronize feeding and wakefulness. This may also be relevant to understanding metabolic imbalances associated with narcolepsy.
